An understanding of the principles of operation and hazards of the surgical diathermy is necessary for the safety of the anaesthetized patient. The surgical diathermy performs its function by the application of high density radio frequency current which can be used to cut or coagulate tissue. Its improper lIse can result in electrical burns and even electrocution. The principles underlying its safe llse are outlined, and detailed recommendations are made to enSllre the patient's safety.
INTRODUCTION
The use of diathermy, particularly in association with other equipment, is much more complex than is generally realised, and it is not surprising that mishaps occur. A plea is made for better understanding of the principles involved, and, while the surgeon using the diathermy is obviously responsible for its safe application, we believe that the anaesthetist using associated equipment must share the responsibility and so have working understanding of the principles involved. The anaesthetist usually postures the patient, supervises the application of the diathermy plate and attachment of the E.c.G. electrodes and other monitoring equipment. During the operation he is generally more aware of, and concerned with, the patient as a whole and his training should equip him to cope with problems introduced by the presence of mUltiple electromedical appliances.
The surgical diathermy has been in use for half a century, and is an established surgical aid. Despite far-reaching advances in medical electronics, diathermy design has differed little from the original until very recently.
For many years, the major concerns were the provision of sufficient power for under-water use and the avoidance of accidental burns and electrocution. Power problems were soon overcome, although burns remained an ever-present hazard. As the patient was earthed while diathermy was used, there was a danger of electrocution and this resulted in minor design changes, satisfactory at the time, but creating considerable problems when E.c.G. monitoring became common practice. These problems intensified with the use of additional electronic apparatus in the operating theatre.
The advance in electronic technology and the interest it has aroused in medical practice has resulted in a fresh approach to the design and use of surgical diathermy.
PRINCIPLES OF OPERATION

Frequency and Waveform
The surgical diathermy produces an alternating electric current of very high frequency (250 kilohertz to 10 megahertz), which produces intense local heating when it passes from the surgeon's electrode (the "active" electrode) to the p~tient. The diathermy current frequency IS high in comparison with that of the 50 Hz* mains supply. This is necessary to avoid the intense muscle activity and the electrocution hazard which occurs if lower frequencies are used.
The current can be interrupted periodically or modulated by a much lower frequency, giving waveforms which produce different effects.
In general, a continuous current cuts but does not coagulate, whereas an interrupted current does the reverse. However, it is more complex than this and some machines generate the same waveform for both cutting and coagulation, the output impedance being changed.
It is not completely known why one particular current waveform may be better for a given purpose than another. However, it is clear that the formation of an arc between the electrode and the tissues is essential for cutting. Quenching the arc results in coagulation. When tissue is grasped by an artery forcep (thus preventing arc formation) coagulation results from any waveform. Should an arc strike between the forceps edge and the adjacent tissue, cutting action immediately results.
During cutting, the arc is maintained as the electrode is prevented from contacting the tissue throughout its length by the production of gas and vapour from localised heating. Intense heat is generated in the arc itself and vapourises the tissue -as in arc welding. During coagulation, heat is generated in the tissue -as in spot welding -and is much less intense. It may be that interrupted current (coagulation) inhibits the formation of a continuous arc. 
Methods of Generating Waveforms
The earliest sets used spark gaps and a tuned circuit to generate the current waveform and instruments incorporating this principle arc still extensively used. Thermionic valve oscillators were later introduced, either separately, or in combination with spark gap oscillators, thus enabling a wider choice of current waveforms. The most recent major change in diathermy construction has been the introduction of solid state circuitry, in which all waveforms are produced by transistor oscillators, thus dispensing with both valves and spark gaps and their maintenance. Associated with solid state design has been a major advance -isolation of the output circuit, the significance of which is discussed later.
Site of Heat Production
When an electric current passes through a resistance, heat is generated according to the relationship P = FR where P = power in watts I = current in amperes R = resistance in ohms.
For a given current, the amount of heat generated per unit time (power) is greatest when the resistance is highest. Therefore, the site of heat production is at the resistance. The temperature reached is also a function of the current density, which is the amount of current flowing per unit of cross sectional area.
The resistance of the body tissues is of the order of a few hundred ohms, and the place of contact of an electrode is somewhat higher. The same current must flow through the point of entry to the body (at the active electrode), and the point of exit from the body (at the indifferent electrode i.e. diathermy plate). The resistance at the active electrode will be higher, and, because of the small area of contact, the current density here will be vastly higher than elsewhere. This is most marked during arc formation, and it is here that the temperature may reach a thousand degrees Celsius (Dobbie 1969) .
The importance of maintaining a large area of contact (and thus a Iow resistance and low current density) at the indifferent electrode, and of maintaining a small area of contact (and thus a high current density) at the electrode tip, is now apparent. It also explains why a large piece of tissue held in the haemostat requires a relatively long application of current, why diathermy is ineffective in a blood-soaked field, and why cutting is far more effective if the active electrode is not pressed against the tissue.
In addition to these factors, the temperature attained will be a function of the blood flow, especially when the current density approaches a level that will just produce a burn. This becomes of particular importance with the diathermy plate positioned under a bony area, where the main burn-determining factor may be the blood flow in the skin covered by the plate. The high electrical resistance and low blood flow in adipose tissue may also contribute the genesis of a diathermy burn (Overmeyer, Pearce and De Witt 1977) .
THE INDIFFERENT ELECTRODE AND ITS ApPLICATION
Many types of plates are available, and as many methods of application are used. In each case, the aim of the plate application is to provide a low resistance and low current density. This is achieved by securing intimate contact over a large area, without impeding the blood flow by excessive pressure -often caused by tight bandaging. A common practice in the past was the use of a plate approximately 15 cm by 20 cm, made of lead and covered with a layer of cotton gauze soaked in a saline solution. Very Iow contact resistances were obtained using solutions of sodium chloride in concentrations of up to 20%. However, there are many objections to this method. The indifferent electrode, during long operations, may dry out, thereby increasing its resistance substantially. This leads to a noticeable decrease in power at the active SURGICAL DIATIlERMY electrode, and localised skin heating at the indifferent electrode. Alternatively, water or glucose solution may be mistakenly applied, or the pad may not even be soaked at all. Hypertonic salt solutions may also cause salt burns in patients with sensitive skin (Dobbie 1969) .
Another variation is to use a stainless steel or lead plate to which a liberal amount of conductive paste (e.g. E.c.G. paste) has been applied. This gives excellent electrical contact and removes the need to keep wet a gauze pad. Problems may arise through the mistaken application of non-conductive jellies; or the paste, if not cleaned from the plate after use, may form a hard insulating layer.
For a time, there was a vogue for capacitively-coupled plates in which no direct contact was made between ~he metal of the indifferent electrode and the skin. It consisted of a large sheet of thin metal, sandwiched between two sheets of neoprene, which formed a capacitor with the patient's body, allowing an easy pathway for the passage of the high frequency diathermy current. However, this introduced the problem of burns due to alternate current paths when other equipment with grounded patient connections was used.
For a few years, a thin flexible, bright metal plate has been extensively used without addition of conductive paste. Low resistance contact is probably achieved by a thin film of sweat (an electrolyte solution) accumulating between the plate and the skin. It adapts well to the contours of the body, may be strapped to a limb, and does not easily form ridges that cause high current density and pressure. Should ridges form, the plate should be discarded.
Aluminum foil with or without paper backing has also been used successfully, particularly in infants where it is difficult to obtain large areas of contact. When used without backing, the attachment of the indifferent lead, usually by a clip, is tenuous. When used, however, with a substantial backing and with an appropriately designed clip, it forms a useful, disposable radio-translucent electrode, which may be used many times.
DISPOSABLE PLATES
With the increasing amount of disposables used in hospitals it is not surprising that diathermy indifferent electrodes are now offered as disposable items by many manufacturers and importers. There are many advantages claimed for these compared with conventional plates, and some may be worthy of consideration. If the decision to use disposable plates is made, then the following points should be noted: the plate and its associated connector and lead should be considered as an integral system. Plates are not necessarily interchangeable with clamps and leads of other manufacture, so if a particular brand of disposable plate is used, the recommended clamp and lead should accompany it. Check that the clamp holds the plate securely so that the two do not part when given a reasonable tug. Avoid brands that do. Check also that the plate system offered does not defeat any alarm circuit in the diathermy maohine itself. If so, then the system should not be used with that machine.
Some suppliers of disposable plates offer disposable leads, usually one set per box. Such leads tend to be of poor construction owing to their projected short life. The possibility exists that they will be used past their life expectancy, resulting in poor contact, the likelihood of internal wire breaks and subsequent burns. We feel that their use should be avoided in favour of more robust "permanent" leads and connectors. Clamps used to hold the plate must be insulated except where they grasp it. They should also be sufficiently robust that they will not be damaged if dropped onto a hard surface and should be easy to clean.
Sterilization of leads is also an important consideration. Ethylene oxide gas is the preferred method (not only for diathermy leads but for all electrical leads), but if gas sterilization is not available, then the lead must withstand steam autoc1aving.
CONDUCTIVE GEL
The question whether or not to use conductive paste (E.C.G. paste) on a plate continues to be raised at every forum on electrosurgery. There are some who are pedantic in their use or exclusion of paste, and the demonstrated success of both methods is testimony to the fact that in a given set of circumstances both methods may work quite satisfactorily. Recent work (Overmeyer et al. 1977) has demonstrated that the likelihood of hot spots arising is much greater with dry electrodes than if a gelled plate is used. Also where skin is noticeably dry and scaly, or hirsute, conductive paste with its mildly abrasive property would be advantageous.
Drying-out, however, can occur in a prolonged procedure, leaving an insulating layer on the plate, so increasing the contact resistance. Neither can the possibility of chemical burns be ignored, as many alleged electrical burns have really been chemical burns caused by the paste when acted on by the electric current passing through it. However, we now have experience of over 50,000 "pasteless" operations using solid-state isolated output machines without producing any burns.
INDIFFERENT ELECTRODE DIMENSIONS
The paucity of good scientific evidence relating to the safe area necessary for diathermy current to exit throm!h the indifferent electrode, i.e. without cau~ng a damaging skin temperature rise, has led to multiplicity of recommendations by various organisations and a bewildering variation in the sizes of indifferent plates offered. Until recently, non-disposable plates supplied by the manufacturers have been of over-generous dimensions and have frequently been cut down to much smaller sizes because of their unwieldiness. Most disposable plates now in use are of much smaller dimensions, and potential users are sometimes suspicious of them as a burns hazard. Designing for "worst-case" conditions is not appropriate in this situation as, for example, the size of a plate so designed would be sufficient to totally support a neon ate head to foot! Furthermore, many plates cannot be put in contact with a patient over all the available plate area and, in some cases, contact may be less than half the available area. Plate size alone is no guarantee against burns; it is the combination of an adequate plate size and intelligent positioning which gives a good start in the prevention of burns.
Neglecting for the moment factors such as regional blood flow, plate positioning and use of paste, then the maximum safe diathermy current which can be conducted by the plate is proportional to its area. Therefore it should be a simple matter to establi~h what current density (amps/sq cm) can be tolerated before the skin temperature rises to a level where burns are induced. Several researchers (Brown et al. 1977, Becker, Malhotra and Hedley-Whyte 1973) have performed such experiments and have individually arrived at a wide range of results. This would indicate that other factors (e.g. blood flow, adiposity, paste) play an important role. In experiments on anaesthetised rats, currents of 50 mA needed to be passed for 10 seconds through an area of 2 cm 2 to produce a delayed burn. This is the equivalent of a 2500 mA per cm 2 (Brown et al. 1977) .
We found that currents as high as 100 mA/cm 2 could be continually passed through the arm of a human without occasioning pain or bums (unpublished data). However, in another study (Emergency Care Research Institute 1977) currents of only 25 mA/cm 2 could be passed without occasioning burns. The maximum output of most diathermy machine is less than 2 Amps. The safe passage of this output would require a minimum plate size of 0.8, 20 or 80 cm 2 depending on whose results are applied. The Health Commission of N.S.W. in its General Instructions No. 1786 of July 1971 recommends a plate area of 258 cm 2 which could pass 645, 20 or 6.4 Amps, again depending on whose results are applied.
Plate area recommendations in many publications are, at best, educated guesses and in some instances conveniently not mentioned (Standards Association of Australia documents T43 and Australian Standard 3201: 1 relating to diathermy equipment; also National Fire Prevention Association document 76C on "Use of High-Frequency Electricity in Health Care Areas.") Indifferent electrodes currently available in Australia (which range in area from 120 cm 2 ) are all apparently satisfactory in use. This accords well with the findings of Overmeyer et al. (1977) who state that plates from 50 cm 2 to 200 cm 2 (i.e. 1 to 4 size ratio) all performed similarly under worst case conditions.
INDIFFERENT ELECTRODE CONNECTIONS
For many reasons it is often desirable to earth one side of an electrical circuit and this principle was followed in the design of some units ( Figure 6 ). This created two hazards. Firstly the mains supply has an identical configuration, i.e. an active and earthed side, and any earthed object, including the diathermy plate, can act as a return pathway for the mains supply. The patient is thus exposed to the hazards of electrocution from faulty mains-operated equipment.
Secondly, any other earthed object provides an alternative return pathway for diathermy current (Becker et al. 1973) . At the point of contact with this alternative pathway, a high current density may result, the magnitude of this depending upon the relative resistance offered by each pathway. Should the indifferent electrode be improperly applied or its lead break, a burn would inevitably result ( Figure  7) . These alternative pathways are constantly present in the form of the operating table and its attachments, E.C.G. monitors, pulse monitors, oximeters and the like, and many burns have resulted from their existence.
Direct contact with an earthed object is an obvious alternative pathway, but more subtle connections exist and require further explanation. Any two conductive bodies separated by an insulator constitute a capacitor. This will allow the passage of alternating current, the ease of which increases with the frequency of the current and the size of the capacitor. Thus the higher the frequency the easier it is for a current to pass. The value of the capacitor increases with the area of the conductors and is inversely proportional to the distance between them. The body, the diathermy plate and its leads, the operating table and DIATHERMY MACHINE GROUND indeed any other conductor including the earth itself can form capacitors if separated by an insulator, and this may simply be air. Thus, when dealing with the high frequency used in diathermy, direct contact between conductors is not necessary to allow the passage of this current. When dealing with the much lower frequency of the mains supply, much higher values of capacitance would be required to allow similar values of current to flow.
To provide protection against mains current electrocution, the first measure taken was the inclusion of a capacitor between the indifferent lead and the earth, this capacitor being of such value that, while providing a very Iow impedance to the high frequency diathermy current, it offered a high impedance to the mains frequency ( Figure 8 ). Although many machines incorporated this principle, this approach did nothing to overcome the problem of burns, and these were mainly prevented by meticulous avoidance of alternative earth paths. The common use of pulse and electro-cardiographic monitoring however introduced complexities not understood by many users. Until recently, most E.C.G. monitors had the indifferent GROUND VIA POWER CORD DIATHERMY MACHINE OUTPUT CIRCUIT C ground (RL) electrode, the chances of a burn at the site of the E.C.G. ground are not great (Becker et al. 1973) . Should the plate be improperly applied or its lead broken, a severe burn at the site of the earthed E.c.G. electrode would result (Figure 9 ). This is avoided by attaching the E.C.G. indifferent electrode to the diathermy plate and not the patient, thus a small current along one wire to the plate, then back down the other wire to return to the machine, thus completing the circuit ( Figure  10 ) . If the lead is not connected to the machine, or is broken, the circuit is opened and an alarm sounds. In some models, the machine is also inactivated. This system eliminates one of the more common causes of diathermy bums, though there is still no protection against an incorrectly fitted plate electrode, or a bum caused by alternative paths in units with RP grounded (unisolated) outputs (Figure 11 ).
RADIO FREQUENCY ISOLATED DIATHERMY
Each of the above methods offers a partial solution to the problems discussed.. It is obvious that both these problems could be solved if no connections to earth were made at either mains or diathermy frequency. This has been achieved to a high degree with the comparatively recent introduction of solid-state machines having "RP isolated" patient circuits. This means that, ideally, RP current may take only one path, i.e. from active electrode through the patient to the indifferent electrode, and since there is no earth connection there is no propensity for RF current to take any earth pathways unintentionally offered ( Figure  12 ). However, in practice, no "isolated" machine is completely so, due to RP leakage pathways inherent in the equipment and leads. The degree of RP leakage is a measure of the isolation of a particular unit -the lower the leakage the better the isolation. With current FIGURE ll.-Photograph of a burn caused by technology, RP leakage figures of around 100 circumstances identical to those described in Fig. 9 . represents the summation of all the "stray" capacitance within the machine and is responsible for RF leakage. A low RF leakage figure is representative of a small value for C2• milliamps are generally attained. This limits the maximum current which can flow to ground through unintentional earth pathways. Used intelligently, RF isolated diathermy provides a degree of protection against burns which is unattainable by any other configuration and is the safest choice when considering new electrosurgical equipment (Figure 13 ).
DIATHERMY AND OTHER EQUIPMENT
E.C.C. Monitor
Concurrent with the development of isolated diathermy has been a similar improvement in monitoring equipment. Most modern E.C.G.s have patient connections isolated from earth at mains frequency but not necessarily at RF. For many years to come, we will have to marry diathermy and E.C.G. equipment, both of which will have varying degrees of isolation from earth. The guiding principle in their combined use is that the connection of any piece of equipment must not degrade the isolation of another (See recommendations 6 and 7). On the one hand, it is hazardous not to interconnect the indifferent electrodes of equipment in which such electrodes are earthed, as multiple earth pathways are created. On the other hand, if either or both are isolated, they must not be Fig. 9 , but an RF isolated diathermy machine is substituted. Even under the worst case of a broken indifferent wire, current (in excess of the machine's RF leakage) will not flow in any circuit, and the patient is safe from burns.
AllueSlhesla .,lId 1111.,,,lve Care. Vo/. VI. No. 4. November. 1978 joined, as one will degrade the isolation of the other.
The Operating Table
Under ~he present Australian standard AS 1169-1973, the operating table must be conductive and have a resistance to earth of between fifty thousand and one million ohms. From the point of view of electrocution (excluding microshock), this resistance is high enough not to present a problem. With regard to diathermy burns, the picture is different. The operating table and the room (ear~hed) act as the plates of a capacitor and present a pathway for the return of RF currents. Furthermore, the patient is connected capacitively and resistively to the operating table. Although there is now a pavhway to earth from the patient, there is a significant impedance between the patient and Furthermore, a broken indifferent lead should be immediately identified by the surgeon because of sudden loss of power -this will probably not be identified under the conditions just described. If the diathermy fails to operate satisfactorily on vhe usual settings for that machine, the controls must not be turned up before checking the plate application and the integrity of its lead. Joining the plate of an isolated diathermy to the table would completely destroy its isolation.
Electric Blankets
Electric blankets positioned under a patient present a definite burns hazard when plugged in, whether switched on or not. The internal wiring of the blanket, and the patient, constitute a capacitor of value large enough to sink considerable amounts of RF current from the patient. Burns may be occasioned at sites of high current density formed by the blanket's wiring pressing against the patient. Turning the blanket off but leaving it plugged into the wall outlet is no protection against burns, as the earth wire (and possibly the neutral) will still Anaesthesia and Intensive CaTe. Vol. VI, No. 4, November. 1978 be connected to the mains wiring. If heating is required during surgery, a circulating liquidtype system should be used.
E.C.C. Backplate
The E.c.G. backplate is a convenient method of obtaining a quick E.c.G. from a patient in the operating ~heatre. The most widely used "non~disposable" backplate has four electrodes mounted in a foam pad enclosed in a waterproof vinyl cover, with only the face of the electrodes exposed. Early designs incorporated a flying lead with a clip for attachment to the diathermy plate, the purpose of which was to interconnect vhe indifferent electrodes of both diathermy and E.C.G. The hazards of this procedure, namely the creation of an alternative earth pathway and the possible defeat of plate monitor circuits and diathermy isolation, were ultimately learned and current models now incorporate a resistor in series with the right leg lead, and the flying lead is omitted. Should the diathermy indifferent electrode be interrupted, 1!here is a limitation to current flow via the E.C.G. backplate, and a burn should not result.
Caution, however, should be exercised if using "disposable" backplates. The ones examined by the ~uthors have no currentlimiting resistor and are hazardous if used with a non-isolated E.C.G. monitor.
Pacemakers
Although it is generally considered unwise to use diathermy on a patient with an implanted or external pacemaker, many procedures have been performed without mishap. Some models of ventricular inhibited pacemakers will slow uooer the influence of a strong electro-magnetic field (Simon 1977 ) and others will continue at a higher rate. There is also the possible risk of diathermy current passing into the pacemaker lead itself, causing a burn at the site of stimulation, though our investigations would suggest that this is extremely unlikely. In the light of our present knowledge, diathermy should not be used without good reason on a patient with a cardiac pacemaker. If its use is highly desirable or necessary, as in closed urological surgery, it can be used safely if certain precautions are observed.
1. Do not apply diathermy in the immediate vicinity of the pacemaker or its electrodes.
2. Monitor the mechanical action of the heart by listening to heart sounds, feeling the pulse, or using a reliable plethysmograph which operates a meter or flashing light. Most devices relying on an oscilloscope or recorder will be inoperative during diathermy use. 3. Use an EC.G. which will function in the time between the diathermy applications to monitor any disturbance which may persist after the application of diathermy is over. 4. If the use of diathermy produces unacceptable interference with the heart, then its application should be terminated.
A defibrillator, external pacemaker, and
appropriate drugs should be to hand.
RECOMMENDA nONS
The safe use of diathermy and its use with other equipment demands some knowledge of the equipment being used. Safe inter-connection is not possible unless earthing arrangements of the indiffcrent electrodes are known before such equipment is used. As few people have the knowledge or the equipment to carry out the necessary tests, expert advice is needed. Many hospitals have a bio-medical engineer or electronics technician who can test the earthing. Where doubt exists, the information should be obtained from the manufacturer or distributor. With the configuration of the equipment known, the following "rules" should allow the safe use of diathermy. VoT. VI, No. 4, November, 1978 16. If a machine that is known to produce adequate power at a given setting fails to do so, do not turn the power up without first investigating the plate and plate lead. Sudden loss of power is nearly always caused by a broken plate circuit.
ADDENDUM
At the time of going to press a further design of disposable indifferent (dispersive) electrode was shown to the authors for their comments. The electrode uses the principle of capacite coupling (discussed elsewhere in the paper) and conductive paste is not required. The advantages claimed for this design are (i) uniform distribution of current over the area of the electrode -demonstrated using thermography to detect "hot spots"; and (ii) significant reduction in available power if the electrode fails to contact over its entire surface Anaesthesia and Intensive Care, Vol. VI, No. 4, November, 1978 -due to the concomitant reduction in patientto-electrode capacitance. Test results are claimed to accord well with this theoretical principle and, used with isolated diathermy, such a design may given an increased margin of safety over conventional disposable electrodes. We must stress, however, that if used with a non-RF isolated machine, these electrodes would be no safer than any other design because of considerations already discussed.
